The murine retrovirus SL3-3 causes malignant transformation of thymocytes and thymic lymphoma in mice of the AKR and NFS strains when they are inoculated neonatally. The objective of the present study was to identify the primary target cells for the virus in the thymuses of these mice. Immunohistochemical studies of the thymus after neonatal inoculation of the SL3-3 virus showed that cells expressing the viral envelope glycoprotein (gp70 ؉ cells) were first seen at 2 weeks of age. These virus-expressing cells were found in the cortex and at the corticomedullary junction in both mouse strains. The gp70 ؉ cells had the morphology and immunophenotype of dendritic cells. They lacked macrophage-specific antigens. Cell separation studies showed that bright gp70 ؉ cells were detected in a fraction enriched for dendritic cells. At 3 weeks of age, macrophages also expressed gp70. At that time, both gp70 ؉ dendritic cells and macrophages were found at the corticomedullary junction and in foci in the thymic cortex. At no time during this 3-week period was the virus expressed in cortical and medullary epithelial cells or in thymic lymphoid cells. Infectious cell center assays indicated that cells expressing infectious virus were present in small numbers at 2 weeks after inoculation but increased at 5 weeks of age by several orders of magnitude, indicating virus spread to the thymic lymphoid cells. Thus, at 2 weeks after neonatal inoculation of SL3-3, thymic dendritic cells are the first cells to express the virus. At 3 weeks of age, macrophages also express the virus. In subsequent weeks, the virus spreads to the thymocytes. This pathway of virus expression in the thymus allows the inevitable provirus integration in a thymocyte that results in a clonal lymphoma.
Dendritic cells and macrophages are known to be primary targets for virus infection and serve as viral reservoirs for human immunodeficiency virus (HIV) (6, 7, 33) , as well as for murine retroviruses (12, 18) . This study was designed to determine if either or both of these cell types might be the first to express the murine oncogenic retrovirus SL3-3 (25) . This virus, when inoculated into newborn mice, causes transformation of the lymphoid cells of the thymus, resulting in thymic lymphoma. The first transformed cells appear in the thymus at 5 to 6 weeks of age, and the mean time to clinical lymphoma development is 10 weeks (15, 19) .
The AKR and NFS inbred strains, both highly susceptible to lymphomagenesis after neonatal inoculation with the SL3-3 virus (14) , were evaluated for virus expression from week 1 to week 5 after virus inoculation at Ͻ24 h of age. AKR mice have an endogenous, ecotropic retrovirus which by genetic recombination becomes thymotropic and lymphomagenic in old age (10) , and NFS mice do not have endogenous, ecotropic viruses. Yet, 100% of the animals of each strain inoculated with the SL3-3 virus neonatally develop clonal thymic lymphomas (14) .
The essential role of the thymus in lymphomagenesis has been shown by studies in which thymectomy after virus inoculation prevents lymphoma development (13) . Thymic stroma has been implicated in this process by studies showing that thymus grafts from high-incidence, but not low-incidence, strain mice given to thymectomized animals restore disease susceptibility. The lymphomas that develop in these grafts are of host bone marrow cell origin (16, 23) . These findings suggest that stromal elements in the graft become infected with and express lymphomagenic retroviruses, which appear consistently in adult mice of high-incidence strains, and subsequently transfer the virus to thymocytes derived from host bone marrow progenitors which are maturing in the graft (32) .
Thymic stromal cells are known to support thymocyte proliferation; they also induce thymocyte maturation, as well as positive and negative selection of maturing thymocytes (11, 35) . The thymic stromal cells which carry out these functions consist of cortical epithelial cells, medullary epithelial cells, macrophages, and dendritic cells. In the present study, target cells for virus expression in the thymus during the first weeks after neonatal virus inoculation were identified by immunohistochemistry on frozen sections and in cell suspensions enriched for dendritic cells. The results show that thymic dendritic cells are the primary targets for the SL3-3 virus in neonatally inoculated AKR and NFS mice.
MATERIALS AND METHODS
Mice. The AKR/J and NFS/N mice used in these studies were from inbred strains maintained in the laboratory. Pregnant females were observed daily to determine the time of birth of litters. The thymuses were removed at 1, 2, and 3 weeks after birth for the immunohistochemical studies and at 2 and 5 weeks after birth for the cell suspension studies. The experimental groups for immunohistochemical studies were as follows: SL3-3-injected and noninjected AKR mice, six animals at 1 week and three animals at 2 and 3 weeks; SL3-3-injected NFS mice, six animals each at 1, 2, and 3 weeks; noninjected NFS mice, three animals at 3 weeks.
Virus. SL3-3 is a molecularly cloned ecotropic virus obtained from a cell line of an AKR spontaneous lymphoma (25) . Virus stocks were harvested from supernatants of infected NIH 3T3 cells. Mice were infected with 10 3 PFU of virus per ml intraperitoneally at Ͻ24 h of age. This resulted in a 100% incidence of thymic lymphoma between 60 and 100 days of age (14) .
Reagents and antibodies. Thy1.1 (clone 1A14), CD3, and CD4 (clone RL172.4) antibodies were used for depletion of thymocytes. The antibody to the viral envelope (referred to as gp70) was from hybridoma 24-8 supernatant provided by Miles Cloyd and recognizes the gp70-p15 complex (28) . It binds to the envelope glycoprotein of Akv (endogenous, ecotropic virus of AKR mice) polytropic oncogenic murine leukemia viruses (MuLVs) of AKR mice, and the SL3-3 virus. Goat anti-mouse immunoglobulin G (IgG), anti-Ia k -biotin, CD8-phycoerythrin (PE), B220-fluorescein isothiocyanate (FITC), and IgG (FITC, PE, and biotin) control antibodies were obtained from Pharmingen. ER-TR4 (cortical epithelium) and ER-TR5 (medullary epithelium) were used for identification of these thymic stromal cells (36) . CD11c (clone N418) and MOMA-2 antibodies were used for the identification of dendritic cells. Bright staining with N418 and dim staining with MOMA-2 are characteristics of dendritic cells (1, 21) . To detect macrophages, a cocktail of the antibodies F4/80, ER-HR3, MOMA-1, and ER-TR9 was used (22) . The conjugates used were anti-rat immunoglobulin (Ig) and anti-hamster Ig (Dako, Copenhagen, Denmark, and Jackson Laboratory, Bar Harbor, Maine, respectively) coupled to horseradish peroxidase (HRP; Dako). Streptavidin-HRP (Dako) and streptavidin-alkaline phosphatase (Southern Biotechnology) were used as second-step reagents for gp70-biotin.
Immunoperoxidase staining of tissue sections. Immunoperoxidase staining of cryostat tissue sections was performed as previously described (9) . A hexazotized pararosaniline solution was used for tissue fixation (9) . Monoclonal antibody (MAb) binding was detected by using either routine diaminobenzidine visualization of peroxidase or a modified protocol involving NiSO 4 -supplemented diaminobenzidine (9) .
Immunohistochemical double labeling. At the histological level, double labeling was performed by sequential incubation of sections with rat anti-mouse MOMA-2 or hamster anti-mouse N418, followed by peroxidase-conjugated antirat Ig or anti-hamster Ig, biotin-labeled anti-gp70, and finally streptavidin-alkaline phosphatase. MAbs were applied as undiluted hybridoma supernatants, whereas conjugates were optimally titrated. In the various steps, the sections were incubated for 20 to 30 min at room temperature in a moist chamber and washed in between at least twice in phosphate-buffered saline (PBS)-Tween (0.05%). Alkaline phosphatase activity was visualized first by 30 min of incubation in the dark with naphthol ASMX phosphate and Fast Blue BB base (final concentration of both, 0.025% in 200 mM Tris ⅐ HCl, pH 8.5) as the substrate and complexing agent, respectively. Levamisole (0.024%) was added to the reaction mixture to block endogenous alkaline phosphatase activity. After washing of the sections in tap water and PBS-Tween, 3-amino-9-ethylcarbazole (0.05% in 100 mM acetate buffer, pH 4.6, supplemented with 0.03% H 2 O 2 ) was used in a 30-min incubation to detect peroxidase activity. The sections were then rinsed with PBS-Tween, imbedded in Kaiser's gelatin, and coverslipped. Thus developed, alkaline phosphatase activity yielded a blue reaction product, whereas peroxidase activity appeared red.
Dendritic-cell enrichment. A modification of the method described by Vremec et al. was used for dendritic-cell enrichment (37) . Cells were prepared by mincing thymuses from 20 to 30 age-matched AKR mice into small fragments and pipetting the fragments vigorously in PBS-fetal calf serum (FCS). The suspended cells were removed and placed in a 50-ml conical tube. The remaining thymic fragments were digested with collagenase-dispase and DNase in RPMI 1640 medium (Irvine Scientific), and the digested cell suspension was combined with the previously dissociated cells to provide a whole-cell suspension (unseparated). To enrich for dendritic cells, these unseparated cells were purified by density gradient and MAb and magnetic bead depletion as described below.
FCS-EDTA (10 ml of FCS with 1 ml of 0.1 M EDTA) and EDTA-PBS-FCS (5% FCS-EDTA in PBS) were used throughout the density gradient procedure. Cells (2 ϫ 10 9 ) were added to the gradient. The density gradient was prepared as follows. The cells were resuspended in a Nycodenz isotonic solution (Accurate Chemical & Scientific) at a density of 1.075 g/cm 3 . This dense solution with cells was overlaid with 3 ml of dense solution, followed by 3 ml of a Nycodenz isotonic solution at a density of 1.07 g/cm 3 and 2 ml of FCS-EDTA. The gradient was centrifuged at 1,700 ϫ g for 20 min. The band of low-density cells at the FCS-EDTA-low-density interface was removed and washed with FCS-EDTA.
Depletion of thymocytes bearing CD3 and CD4 from low-density cells was done by using magnetic immunobeads (34) . Low-density cells were incubated with antibodies to CD3, CD4, and Thy1.1 and then with beads which were coated with goat anti-mouse IgG (Collaborative Research). Cells bound to the beads were removed with a magnet (Collaborative Research), leaving a population of enriched dendritic cells which could be tested by two-color flow cytometry for the presence of major histocompatibility complex (MHC) class II (Ia K ) and gp70. Immunofluorescent staining and flow cytometry. Cells were washed with PBS containing 0.1% sodium azide and 2% newborn calf serum (PBSA) before staining and incubated with optimal amounts of MAb for 30 min at 4°C. Combinations of FITC-and PE-conjugated MAbs were used for two-color analyses.
Cells were incubated in a solution of 2-g/ml 7-amino-actinomycin D in PBS-0.1% sodium azide-2% newborn calf serum to exclude dead cells (29) .
For single-color, two-color, or three-color analyses, cells were acquired on a FACScan flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, Calif.) as previously described; 5,000 to 10,000 events were collected for each sample (29, 30) . For data analysis, isotype-matched control MAbs were used to determine appropriate cursor settings, and the gating region was determined by using a combination of forward-angle and 90°light scatter. Data were analyzed and displayed both by two-dimensional dot plots and single-dimensional histograms.
ICC assay. For the infectious cell center (ICC) assay, 3,000 Mus dunni fibroblasts were used as target cells and plated in gelatin-coated wells of 24-well clusters in Dulbecco modified Eagle medium-10% calf serum-1% glutaminepenicillin-streptomycin. On the next day, cells obtained from the thymus were diluted in medium with 20 g of Polybrene/ml (10 6 cells/ml) and 0.5 ml was added per well of target cells. After 24 h of incubation at 37°C, the supernatant including nonadherent cells was removed, the M. dunni target cells were washed, and the culture was continued. After 2 days of culture, when the M. dunni cells were confluent, the cells were washed with PBS and fixed for 10 min in 4% paraformaldehyde in 80% methanol before staining. The cells were stained overnight at 4°C with a 1:10 dilution of 24-8 hybridoma (anti-gp70) supernatant (28), followed by a 1:100 dilution of FITC-conjugated goat anti-mouse IgG, and fluorescent colonies were counted. This protocol allows counting of 100 infectious centers per well. Infectious centers were expressed as numbers of PFU per 10 6 thymus cells.
RESULTS
Immunohistochemistry of thymuses from mice inoculated neonatally with the SL3-3 virus. Immunohistochemistry was used to determine which, if any, thymic stromal cells were targets of early expression of the SL3-3 virus. Virus-inoculated, as well as untreated control, AKR and NFS mice were evaluated. As previously mentioned, both strains, AKR with endogenous virus and NFS without it, are equally susceptible to the development of thymic lymphoma after neonatal inoculation with the SL3-3 virus. Spontaneous lymphoma occurs in AKR mice after 28 weeks, whereas lymphomas occur in both AKR and NFS mice between 8 and 14 weeks of age when induced by neonatal SL3-3 infection. Thus, the AKR predilection for spontaneous lymphoma does not interfere with the current experimental setup. Thymus specimens from mice inoculated with the SL3-3 virus and from uninoculated age-matched controls were removed at 1, 2, and 3 weeks of age, and frozen sections were prepared and stained with antibody to gp70. At 1 week after neonatal virus inoculation, no gp70 ϩ cells could be detected in the thymus of either mouse strain. At 2 weeks after virus inoculation, small numbers of gp70 ϩ cells were found in both strains of mice. These gp70 ϩ cells were scattered in the cortex and concentrated at the corticomedullary junction and showed a dendritic morphology (Fig. 1) . At 3 weeks after inoculation, increased numbers of gp70 ϩ cells were found. The gp70 ϩ cells at this time period were seen at the corticomedullary junction and were also present in foci in the cortex (Fig. 2) . We could not detect gp70 ϩ cells in the control uninfected AKR or NFS mice. Also, there were no strain differences between virus-inoculated AKR and NFS mice in the distribution of gp70 ϩ cells ( Fig. 1 and 2 ). To determine which cells in the thymus were expressing gp70, consecutive sections from 2-and 3-week-old, virus-inoculated mice were stained with antibodies to the various thymic stromal components. As can be seen in Fig. 3, gp70 ϩ cells showed a staining pattern with some similarities to the staining with the N418 antibody, which identifies dendritic cells (1) . The appearance of these patterns, however, suggested that at 3 weeks postinoculation, not all N418 ϩ cells were gp70 ϩ nor were all gp70 ϩ cells N418 ϩ . The staining patterns obtained with the thymic epithelial cell antibody ER-TR4 (36), which identifies cortical epithelial cells (Fig. 3a) , and with ER-TR5 (36), which identifies medullary epithelial cells (data not shown), were distinct from that obtained with gp70. Hence, virus replication apparently does not occur in thymic epithelial cells.
To further identify the nature of the gp70 ϩ cells, doublelabeling experiments were performed by using the cocktail of antibodies identifying macrophages (F4/80, ER-HR3, MOMA-1, and ER-TR9) (22) or the antibody to MOMA-2 (21) in combination with gp70. Unfortunately, the double-labeling technique with the combination of N418 and gp70 antibodies could not be used for technical reasons. Two weeks after infection, a subset of the gp70 ϩ cells expressed low levels of antigen recognized by the MOMA-2 antibody. This pattern of low-level expression of MOMA-2 has been described in (precursor) dendritic cells (21) . The gp70 and dim MOMA-2 double-positive cells showed a dendritic morphology and were located at the corticomedullary junction of the thymus at 2 weeks after virus inoculation. Not all gp70 ϩ cells expressed low levels of MOMA-2, suggesting that N418 and MOMA-2 may be expressed on dendritic cells at different stages of development or on cells of a different lineage. None of the gp70 ϩ cells coexpressed the macrophage markers or high levels of MOMA-2 (MOMA-2 bright) at 2 weeks (Table 1) . At 3 weeks after virus inoculation, gp 70 ϩ macrophage marker ϩ and gp 70 ϩ MOMA-2 bright cells, as well as gp70 ϩ dendritic cells expressing low levels of MOMA-2, were demonstrated on the double-labeled thymus sections (Fig. 4 and Table 1 ). Thus, dendritic cells are the first to express the oncogenic retrovirus, and both dendritic cells and macrophages express the virus prior to thymocytes, the ultimate targets for transformation.
Studies of thymocyte cell suspensions from thymuses of young AKR mice inoculated neonatally with the SL3-3 virus.
Our studies of thymic cell suspensions of 2-and 5-week-old mice looked at virus expression and the presence of infectious virus in unseparated cells and in a subpopulation enriched for dendritic cells. Thymic dendritic cells are a minor thymic population; there is one dendritic cell for every 2,000 thymocytes. They are low in density, nonadherent, and MHC class II ϩ (37). These characteristics were used to separate dendritic cells from the major population of thymocytes and from macrophages. The unseparated population was compared to a dendritic cellenriched population obtained by density gradient for low-density, MHC class II ϩ cells, followed by depletion of the remaining thymocytes with MAbs to CD3, CD4, and Thy1.1 by using magnetic immunobeads. Immunophenotypic data from two experiments are presented in Table 2 . There was a 7-to 10-fold enrichment of MHC class II ϩ cells by these procedures. In two experiments, the unseparated cells from mice at 2 weeks after inoculation contained Ͻ1% MHC class II ϩ cells expressing high levels of gp70 (bright gp70 ϩ ). In contrast, the dendriticcell-enriched populations in these experiments contained 1 to 3% MHC class II ϩ bright gp70 ϩ cells. In experiment 2, the absolute numbers of cells which were MHC class II ϩ and gp70 ϩ were calculated. The unseparated population had 3.6 ϫ 10 5 MHC class II ϩ and gp70 ϩ bright cells and the smaller, dendritic-cell-enriched, population had 2.7 ϫ 10 5 MHC class II ϩ and gp70 ϩ bright cells. Thus, nearly all of the cells with the
FIG. 1. gp70 ϩ cells are present at the corticomedullary junction and in the cortex of the thymus in AKR and NFS mice 2 weeks after neonatal inoculation with SL3-3. Immunohistochemical analysis was done on cryostat tissue sections of thymuses from 2-week-old AKR (a and b) and NFS (c and d) mice neonatally inoculated with the SL3-3 virus (a and c) as outlined in Materials and Methods or not inoculated (b and d). Anti-gp70-biotin and as a second step, streptavidin-HRP were used to identify SL3-3-expressing cells. Noninoculated control mice (b and d) did not show gp70
ϩ cells, whereas gp70 ϩ cells were present in inoculated mice at the corticomedullary junction and in clusters in the cortex. Original magnification, ϫ70.
latter phenotype in the starting population were present in the dendritic-cell-enriched fraction.
Indication of substantial virus spread involving thymocytes was found at 5 weeks after neonatal virus inoculation. The unseparated population contained 45% gp70 ϩ cells, while the dendritic-cell-enriched population contained 7% gp70 ϩ cells. This observation was confirmed by studies of infectious virus expression using ICC assays on the two cell populations from these animals at 5 weeks of age. The unseparated population, consisting mainly of thymocytes, contained 91,666 PFU/10 6 cells, while the dendritic-cell-enriched population contained only 1,244 PFU/10 6 cells. ICCs were present at low numbers among cells obtained from virus-treated 2-week-old animals ( Table 3) . ICCs were not found in control thymocyte pools from mice 2 and 5 weeks of age. These control data show that AKR endogenous viruses do not grow well in M. dunni cells and/or, as the immunohistochemical studies suggest, cells expressing these viruses are not present in the normal AKR thymus in the first 5 weeks of life.
DISCUSSION
The objective of these experiments was to evaluate virus expression in the thymuses of AKR and NFS mice within the first weeks after inoculation of the lymphomagenic SL3-3 virus at Ͻ24 h of age. Our hypothesis was that thymic dendritic cells, which cluster and activate thymocytes and are known to be permissive for expression of retroviruses (6, 12, 18, 33) , may be targets for early virus expression, providing a direct means for the critical infection leading to subsequent transformation of mature thymocytes.
The immunohistochemical studies reported here support this hypothesis. They show, in both strains, that the earliest virus envelope antigen expression is at the corticomedullary junction or in the cortex at 2 weeks. The cells involved are in a minor population with surface staining characteristics (N418 ϩ and dim MOMA-2 ϩ ) and the morphology of classical interdigitating cells (dendritic cells) (5) . At 3 weeks after neonatal virus inoculation, gp70 ϩ cells expressing low levels of MOMA-2 were again found at the corticomedullary junction. The gp70 ϩ interdigitating cells were more abundant and also appeared in foci in the cortex of a minority of thymic lobules. gp70 ϩ cells with a macrophage phenotype were seen for the first time at 3 weeks. Studies of cell suspensions from pooled thymuses from 2-week-old, virus-inoculated AKR mice are consistent with the immunohistochemical data and show that a minor population of bright gp70 ϩ cells are concentrated in a nonadherent, lowdensity, MHC class II ϩ fraction, i.e., cells with the phenotype of dendritic cells (37, 38) . The presence of infectious virus was confirmed by the finding of ICCs in the dendritic-cell-enriched fraction. The remarkable spread of virus to thymocytes, which comprise the majority of unseparated cells, was shown by the high number of ICCs (91,666) at 5 weeks. In summary, the immunohistochemical data show that the virus is expressed in dendritic cells at 2 and 3 weeks and in macrophages at 3 weeks. The cell suspension studies show that the virus is expressed in cells with the characteristics of dendritic cells at 2 weeks and that by 5 weeks, there are many thymocytes expressing the virus. Interestingly, it is at 5 weeks of age that we previously demonstrated the presence of the first transformed (lymphoma) cells in the thymuses of AKR mice neonatally inoculated with the SL3-3 virus (19) .
Dendritic cells can present self peptides and foreign antigens to thymocytes and T cells (17, 38) . During this activity, CD3-bearing thymocytes bind to and cluster around the minor population of dendritic cells. In this way, virus-expressing dendritic cells could initiate the infection of thymocytes, which results in their transformation and the development of clonal CD3 ϩ lymphomas. At 3 weeks after virus inoculation, virus-expressing macrophages may also provide a source of virus for infection of thymocytes. Dendritic cells, and especially fused dendritic cells in syncytia, have been shown to be major stores of HIV (27) . These infected human dendritic cells promote HIV replication in T cells which bind to them (27) . In addition, thymic dendritic cells can be productively infected in vitro with macrophage-tropic HIV type 1 isolates (6) .
A study of adult AKR mice in their natural state showed that thymic macrophages in the cortex and medulla were the first cells expressing oncogenic envelope recombinant viruses (20) . They did so approximately 12 weeks before the development of spontaneous lymphoma, i.e., at 5 to 6 months of age (20) . This observation, compared to those of our study, may reflect fundamental differences between the adult thymus and the neonatal thymus. In any event, from both studies, it can be concluded that lymphomagenic virus expression in a nonlymphoid, nonepithelial cell of the thymus precedes expression in the lymphoid cell which is the target for neoplastic transformation.
It should be noted that the envelope antibody used in these FIG. 3 . gp70 ϩ cells have a dendritic morphology and a staining pattern similar to that of N418 ϩ cells. Immunohistochemical analysis was done on consecutive cryostat tissue sections of thymuses from AKR (a to d) and NFS (e and f) mice 3 weeks after neonatal inoculation with the SL3-3 virus. Anti-gp70-biotin and streptavidin-alkaline phosphatase were used to identify SL3-3-expressing cells (b and e). Antibody ER-TR4 followed by anti-rat-HRP was used to identify cortical thymic epithelial cells (a). Antibody N418, followed by anti-hamster-HRP, was used to identify dendritic cells (c, d, and f), which are most abundantly present in the medulla and scattered in the cortex (d). Original magnification, ϫ70 (panel d, ϫ280). C, cortex; M, medulla. studies identifies either ecotropic (Akv or SL3-3)-or polytropic-virus-expressing cells. Under natural conditions, young AKR mice have an endogenous ecotropic virus which, by recombination with endogenous sequences, is expressed as a polytropic lymphomagenic virus after 5 to 6 months of age (10) . NFS mice have recombinant (polytropic) but no ecotropic sequences in their genome and do not express infectious MuLV. The lymphomagenic properties of SL3-3, which was isolated from an AKR spontaneous lymphoma cell line, are probably due to its ability to form recombinants with endogenous sequences from both of these strains, a well-known event associated with MuLV lymphomagenesis (8, 24) . Support for this idea is found in molecular studies using Southern blot analysis of the cytoplasmic DNA from the thymuses of NFS mice neonatally inoculated with the SL3-3 virus (22a). Only ecotropic sequences were found at 2 weeks of age. Envelope recombinant, as well as ecotropic, sequences were present at 4 weeks of age. These findings suggest that virus expression associated with dendritic cells at 2 weeks of age was SL3-3 virus derived, while virus expression by cells of the thymus after this time was from both classes of virus.
The discovery that thymic dendritic cells, followed by macrophages, express virus prior to thymocytes in neonatally infected mice suggests the following series of events leading to transformation and lymphoma development in the thymus. First, virus entering the bloodstream during the first week after intraperitoneal inoculation infects the bone marrow compartment (4). This results in infection of some progenitors for FIG. 4 . Dendritic cells express gp70 at 2 weeks after virus inoculation, while macrophages express gp70 at 3 weeks after virus inoculation. Immunohistochemical analysis using double labeling was done on cryostat tissue sections of thymuses from NFS mice 2 (a) and 3 (b and c) weeks after neonatal inoculation with the SL3-3 virus. Anti-gp70-biotin and streptavidin-alkaline phosphatase were used to identify SL3-3-expressing cells. The MOMA-2 antibody, followed by anti-rat-HRP, was used to identify dendritic (precursor) cells, which label dimly, whereas macrophages express MOMA-2 brightly. gp70 staining results in a blue precipitate, while MOMA-2 staining appears red. Panel a shows one gp70 ϩ dim MOMA-2 ϩ dendritic cell and two gp70 Ϫ bright MOMA-2 ϩ macrophages in the thymic medulla 2 weeks after virus inoculation. Panel b shows two gp70 ϩ dim MOMA-2 ϩ dendritic cells in the thymic medulla 3 weeks after virus inoculation. Panel c shows one gp70 ϩ bright MOMA-2 ϩ macrophage and two gp70 Ϫ bright MOMA-2 ϩ macrophages in the thymic cortex 3 weeks after virus inoculation. a Dual-color immunohistochemical analysis was done on cryostat tissue sections of thymuses from AKR and NFS mice neonatally inoculated with the SL3-3 virus as outlined in Materials and Methods. To detect macrophages, a mixture of antibodies (F4/80, ER-HR3, MOMA-1, and ER-TR9) was used. To detect (precursor) dendritic cells, MOMA-2 was used. Anti-gp70-biotin and streptavidinalkaline phosphatase were used to identify SL3-3-expressing cells. The cells were counted by using a 0.25-mm 2 grid and a 40ϫ objective. Results are expressed as the average number of positive cells per 10 mm 2 of tissue area of thymus specimens from two to four animals per time point.
b gp70 ϩ cells expressing low levels of MOMA-2 had a dendritic cell morphology with extensive branching between the neighboring lymphocytes, while those expressing high levels of MOMA-2 had a macrophage morphology, i.e., a more rounded appearance with fewer cellular processes. dendritic cells which are developing from bone marrow stem cells and migrating to the thymus (2, 3, 38) . This notion is compatible with the fact that the first evidence of thymic infection with virus was found in dendritic cells 2 weeks after neonatal inoculation. Evidence of virus transport to the thymus by bone marrow progenitors was found in our previous studies showing that donor-type thymic lymphomas result when radiation chimeras are produced by the inoculation of bone marrow cells from SL3-3 virus-infected mice (31) . Thus, a dendritic cell arising from an infected progenitor will have the proviral integration resulting in virus expression, as shown by the immunohistochemical studies of the thymus at 2 weeks after neonatal inoculation. Although some bone marrow progenitors have been found to be common for dendritic cells and T cells or for dendritic cells and macrophages, others give rise to dendritic cells alone (3, 26, 38) . Our data show that dendritic cells, which arise from the latter progenitors, are the first to express the virus after neonatal inoculation with SL3-3. This is followed by virus expression in macrophages at 3 weeks and by the extensive expression of the virus by thymocytes at 5 weeks. Thus, virus-expressing dendritic cells provide an effective way for spread of infection to the multiple thymocytes bound to them. Specific proviral integration in the thymocyte genome then results in transformation and the development of a clonal thymic lymphoma. 
